ABSTRACT. Hybrid organic-inorganic lead-halide perovskites (HOIPs) have attracted much attention because of their remarkable charge carrier properties, including defect tolerance and low recombination rates that lead to long carrier lifetimes and diffusion lengths. These properties have been attributed to the efficient screening of charge carriers via polaron formation in the highly polar and dynamic environment of an HOIP. Polaron formation explains, at least in part, the moderate charge carrier mobility. However, measured mobilities in these materials (typically 10s-100 cm 2 /Vs) are still lower than predicted from standard polaron theory. Here we discuss a factor that has been previously overlooked and can potentially account for the discrapency between measured carrier mobility and that calculated using polaron theory: the effect of dielectric drag. An HOIP can be viewed as consisting of two sub-lattices: an inorganic lead halide sub-lattice responsible for the band structure and a disordered organic cation sub-lattice which is more weakly coupled to the electronic degrees of freedom. While optical phonon modes of the lead halide sub-lattice are mainly responsible for polaron formation, slower orientational relaxation of surrounding dipoles adds a dielectric drag to the moving charge. We discuss the role of this dielectric drag based on the measured dielectric function in the GHz -THz frequency range and how we can understand the unique carrier physics in HOIPs in view of its crystalliquid duality.
Introduction
Since the discovery of their potential photovoltaic applications in 2009 by Kojima et al., 1 the optoelectronic properties of hybrid organic-inorganic lead-halide perovskites (HOIPs) have been explored extensively with great success. [2] [3] [4] [5] [6] [7] In particular, long carrier lifetimes, long carrier diffusion lengths, and exceptional defect-tolerance are beneficial to many optoelectronic applications. [8] [9] [10] [11] [12] [13] Even though the initial success had focused on HOIPs, their all-inorganic counterparts have also attracted growing attention. A large body of work has been devoted to understanding "why" lead halide perovskites work so well, but a unified understanding at the microscopic level, is still lacking. These exceptional properties may be related to the softness and dynamic disorder of the ionic lattice consisting of a sub-lattice of corner-sharing PbX 6 3-(X = I, Br, or Cl) octahedrals with a stoichiometry of PbX 3 -, and a sub-lattice of A + cations. 14 The A + ion can be either organic cations, CH 3 NH 3 + (MA) or NH 2 (CH)NH 2 + (FA), in an HOIP or inorganic cations (Cs + or Rb + ). The cage-structure, along with the high polarizability of Pb and its lessdirectional bonding than transition metals, results in exceptional flexibility and dynamic disorder on fs-ps timescale. 15, 16 The latter leads to electronic energy fluctuation of the conduction band minimum (CBM) and the valance band maximum (VBM) by 10s-100 meV. 17, 18 Although the A + cations are not directly involved in the band structure, they further contribute to the dynamic disorder of electronic structure by rattling and/or reorienting in the cuboctahedral voids. In both
HOIPs and its all-inorganic counterparts, the relative position of the A + with respect to the anionic PbX 3 -cage can be represented by a dipole moment. 19 This is in addition to the permanent dipole moment of the molecular A + cation in an HOIP. All those structural properties result in rather "liquid-like" structural flexibility as detected by various scattering and spectroscopic measurements. 16, [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Mechanical measurements also reveal a soft lattice, independent of cation type, with Young's moduli of lead halide perovskite ~10x lower than those in Si or GaAs. 32 A central question here is how optoelectronic properties are related to such unique structural characteristics.
Charge carriers in a soft and ionic lattice, as is the case for lead halide perovskites, must form polarons. 33 Zhu and Podzorov hypothesized that the Coulomb screening through large polaron formation might explain the remarkable properties of lead halide perovskites. 38 As a result of screening, the scattering of carriers with other carriers and charged defects is reduced, thus contributing to low recombination rate 11 and defect tolerance. [39] [40] [41] The screening also reduces further cooling of dressed carriers, thus contributing to long-lived energetic carriers in HOIPs. 29, 42 The polaron picture provides a better explanation of charge carrier mobility: measured mobilities in lead halide perovskites are in qualitative agreement with calculations based on the large polaron model. 27, 31 Moreover, the large polaron model explains qualitatively the band-like transport characterized by a decrease of mobility with increasing temperature. 38 Here, we provide our understanding of carrier mobility in HOIPs and point out a potential factor which has been overlooked: an additional reduction of charge carrier mobility from dielectric drag due to reorientational motions of dipoles. SiO 20 52 . In this model, the polaron is characterized by four parameters: the band effective mass (m), the longitudinal optical (LO) phonon frequency (ω LO ) and the dielectric constant at higher and lower frequency than that of LO phonons, referred to here as optical ( !"# ) and static ( ! ) dielectric constants, respectively. These parameters determine the Frohlich electron-phonon coupling parameter, 33 α e-ph , defined by:
Mobility from the Feynman polaron model
where e is the charge of an electron and ℏ is the reduced Planck constant. Overall, the calculated mobilities are higher than experimental values by more than a factor of two for the HOIPs. 46 This might imply another intrinsic reduction in mobility which is not taken into account in the present analysis. 
Temperature dependence
Much insight into the polarons can be obtained from the temperature dependence in charge carrier mobilities and recombination rates. These dependences can reveal whether the mechanism of transport is coherent band-like or incoherent hopping type. 34 The largeintermediate polaron, with radius larger than unit cell dimension, is characterized by coherent band transport with mobility decreasing with increasing temperature, dµ/dT < 0, as is the case in lead halide perovskites. 38 This is in contrast to the transport of a small polaron, with radius smaller than unit cell dimension, which is characterized by thermally activated transport, dµ/dT >0. 34 For an intermediate-large polaron, the quantitative temperature dependence in mobility reflects the origin of carrier scattering. 63, 64 suggest that longitudinal optical (LO) phonons should be the dominant origin of e-phonon scattering. It is interesting to note that, due to the low energies of LO phonons in these materials (see below), Despite its qualitative success in explaining the low mobility, the Feynman polaron theory seems to overestimate the experimental charge carrier mobilities in HOIPs 46 by at least a factor of ~two, as detailed in table 1. 27, 31 Moreover, the magnitudes of the temperature dependent changes also disagree: while the temperature dependent THz measurement in Fig. 1 suggests a decrease in scattering time from 13 fs to 4 fs -i.e. a threefold decrease -when temperature is increased from 150 K to 300 K, 55 the Feynman polaron theory predicts the scattering time to
decrease by a factor of 1.5 over the same temperature range -from 150 fs to 100 fs. 65 Thus, the absolute scattering rate is underestimated in theory. Moreover, the polaron model 27 predicts a rather weak temperature dependence of the mobility of γ = 0.6, which matches the observation of
Hall mobility in MAPbBr 3 in the tetragonal phase, 48 but does not agree with the γ = 1. 
The unusual dielectric function
HOIPs possess unusual dielectric functions in the THz to sub-THz range. 66, 67 In a conventional inorganic semiconductor, lattice vibrations including transverse optical (TO) phonons in the ~1-10 THz region contribute to the dielectric function (ε) and increases Re(ε) by a few to a few 10s of percent from the high-frequency electronic response (~100s THz). 68 An HOIP is distinctively different, as illustrate for MAPbI 3 in the tetragonal phase: (1) In the high frequency region (ν ≥10 THz), the real part of the dielectric function, ε H ~ 4, is dominated by the electronic response, with a small contribution from intramolecular vibrations (10-100 THz); (2) In the intermediate frequency range, ν ≤ ~1 THz, the activation of TO phonons attributed to 
The possible role of dielectric drag
Dielectric drag is a well-developed concept for charge transport in solutions. 71, 72 When a charge or ion is introduced into a polar solvent, the solvent will respond through the rotational relaxation of its molecular dipoles. Such solvation affects not only the total energy stabilization but also the ion conductivity because an ion needs to drag along the rotational motions of surrounding rotatable dipoles. 71, 72 This phenomenon is called dielectric drag. Since the dielectric function of an HOIP resembles those of polar liquids (Fig. 3) , we propose that charge carrier mobility is determined by not only large polaron formation due to strong coupling to the LO phonons, but also dielectric drag due to rotational relaxation of the disordered molecular dipoles.
There has been much confusion on these two types of lattice motions in recent literature on lead halide perovskites, but the underlying physical mechanism are qualitatively different. The standard definitions of optical ( !"# ) and static ( ! ) dielectric constants are different for polaron formation and solvation. In the Feynman polaron model, !"# and ! refer to the value of Re(ε) above and below the ν LO , respectively. However, in models for dielectric drag (discussed below), the relevant region of the dielectric function bounds ν rot , the frequency of molecular dipole rotation. It is therefore necessary to distinguish at least three relevant values for the dielectric permittivity to treat both physics on the same footing. Here we describe these as low ( ! ), medium ( ! ), and high frequency dielctric constants ( ! ). Polaron formation is related to the difference in ! and ! , while solvation is characterized by ! and ! .
To examine the significance of dielectric drag, here we start from the simplest equation of the motion of carriers, consistent with Drude-type spectral response previously observed over a large temperature range in THz pump-probe spectroscopy. 55 The polaron experiences friction from dielectric drag ( !! ) in addition to friction from the Drude model ( ! ). The equation of motion of the carriers under constant electric field, E, can be described as:
where m is the effective mass of the carrier (polaron mass); q is the carrier charge; v is the velocity of the carrier; τ is the polaron momentum scattering time; and ζ is the friction caused by dielectric drag. To compare the relative significance of ζ with Drude scattering, we transform the above equation to
which enables us to compare the two effects in the unit of scattering rate (s -1 ). According to the description of ζ established by Zwanzig in the continuum dielectric model,
where a is the ion radius; ! is a characteristic time of Debye relaxation. Here, we employed the case of slip boundary condition because the boundary of a polaron should not be as well-defined as that of an ion and we should expect less friction. Unlike the initial description by Zwanzig, Heitele pointed out that the characteristic time ( ! ) is the LO component of Debye relaxation time described by ! = / ! where ! is a Debye relaxation time. 73 Using this set of equations, we examine the case of MAPbI 3 . From terahertz photoconductivity measurements, the room temperature scattering rate in the film has been inferred from the Drude model to be !"! = 0.25 fs -1 with m=0.25 m e . 55 Within the framework presented here, this overall scattering rate !"! contains contributions from both polaron scattering and dielectric drag: !"! = 1/ + / . Estimating the contribution from dielectric drag, / , requires knowledge of four parameters: a, ! , ! and ! . We take a as large polaron radius of 5.1 nm. 27 We take ! = 80 and ! = 35 to approximate the room temperature dielectric constant in the GHz-THz range. 67 Dipole rotation time has been directly measured by anisotropy decay in two-dimensional infrared spectroscopy, 74 which report the second order reorientation time, (!) =3 ps, corresponding to a Debye relaxation time ! = 3 (!) = 9 ps. 75 While this constitutes a very crude estimate, inserting these values into equation (4) gives an effective scattering rate of ! ! = 0.9 fs -1 . We must realize that this calculation over-estimates the effective scattering rate, as it assumes a complete and static response of the dipolar MA + cations to the charge. In reality, an electron/hole cannot be considered as a static charge, since mobilities in perovskite materials are orders of magnitude higher than those of solvated ions or charges. To treat this properly, it is well-known that the wavevector dependence of dielectric functions should be taken into account for a truly quantitative understanding in the case of solvation dynamics. [76] [77] [78] To correct for this overestimation, we consider the relative velocities of MA Note that the "jump-like" reorientational motion is not the fastest motion and the "wobbling-ina-cone" motion of MA + is the nanoscopic cage is 10 times faster, with a time constant of ~0.3
ps. 74 If the wobbling motion dominates the polarization response, the calculated scattering rate from equation (4) The above discussion suggests an experimental approach to probe the dielectric drag quantitatively using the drift velocity. The drift velocity of charge carriers can be controlled by an electric field, i.e., bias voltage. As an example, for a 200 nm thick thin film and a carrier mobility of 100 cm 2 V -1 s -1 , the drift velocity increases from 10 2 nm/ps to 10 3 nm/ps as the bias voltage increases from 2 V to 20 V. In the regime, the drift velocity can surpass the thermal velocity and an increase in drift velocity should decrease the relative contribution of dielectric drag to total scattering rate.
Another limitation to the equation (4) comes from the fact that solvation of large polarons in the rather unique environment possessing crystal-liquid duality necessitates the treatment of a delocalized charge. While ions are slow and rigid, normally giving rise to hydrostatic friction, large polarons are relatively light and fast moving, and should be regarded as electron clouds with less well-defined boundary. We also note that the radius of the solvation shell is likely larger than the radius of the polaron (typically ~5 nm in these materials). Therefore the effect might only be quantified in a quantum dynamics calculation with large unit cells, a challenge to current computational software and hardware. It is tempting to predict that dielectric drag plus large polaron formation may solve the enigma in the mobility and its temperature dependence in
HOIPs, but more sophisticated theories beyond the equation 4 at the static limit is needed.
Importantly, Ma and Wang recently demonstrated that carrier localization could happen, mediated by the random orientation of molecular dipoles. 79 They also made a connection between dipole rotation and the temperature dependence of the mobility. 80 The approach of Wang and Ma is related to solvation in our discussion of dielectric drag, but their neglect of polaron formation from the PbX 3 -sub-lattice is debatable. High-quality dielectric function measurements in the range of GHz-THz over a broad temperature range are also necessary to capture dielectric response due to dipole reorientation in detail, and to shed light on the interesting issue experimentally.
Summary and Outlook
In this perspective, we introduce a potentially important concept to the understanding of charge carrier mobility in lead halide perovskites: the effect of dielectric drag. The dielectric drag might further clarify the physics behind carrier motion in HOIPs, including possible overestimation of mobility from the standard Feynman polaron theory and the temperature dependences in different phases where the rotational motion of molecular dipoles are most affected. The idea stems from the unique dielectric structure containing both solid-like phonon response mainly from the ionic lead-halide sub-lattice and rather liquid-like response from the rotational relaxation of dipoles in the voids of PbX 3 -octahedrals. We emphasize that the physical origins of polaron formation and solvation are fundamentally different: polaron formation is due to coupling with LO phonon oscillation (1-10 THz), while solvation mainly originates from rotational relaxation (<1 THz) of disordered dipoles. This is the reason we treated these two effects separately. We estimated the significance of dielectric drag from the simplest continuum model and show it could be a significant factor limiting mobility of charge carriers in HOIPs.
The concept of the coexistence of polaron formation and dielectric solvation is likely general in material systems featuring crystal-liquid duality, such as carrier dynamics in phonon-glass electron-crystal or semiconductor/liquid interface. Finally, we point out that, while the above discussions focus on HOIPs, the same arguments may apply to their all-inorganic counterparts.
Large polaron formation is known to be dominated by deformation of the PbX 3 -sub-lattice, irrespective of the cation type. 27, 31, 36, 37 The subsequent motion of the large polaron may also experience dielectric drag due to slower dielectric relaxation of dipoles resulting the rattling of the A + with respect to the anionic PbX 3 -cage. 
